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In this review, we summarize the theoretical development on the electric dipole moment
of light nuclei. We first describe the nucleon level CP violation and its parametrization.
We then present the results of calculations of the EDM of light nuclei in the ab initio
approach and in the cluster model. The analysis of the effect of several models beyond
standard model is presented, together with the prospects for its discovery. The advantage
of the electric dipole moment of light nuclei is focused in the point of view of the many-
body physics. The evaluations of the nuclear electric dipole moment generated by the θ-
term and by the CP phase of the Cabibbo-Kobayashi-Maskawa matrix are also reviewed.
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1. Introduction
Our Universe is filled of matter, and no macroscopic quantity of antimatter can be
found. The asymmetry between the number of matters against that of antimatters
is expressed in terms of the matter-photon ratio η = nBnγ , where the number of
photons is the synonym of that of the pairs of a particle and its antiparticle which
have populated the early Universe, and recent observation of Planck is giving η =
O(10−10).1
To generate the baryon number asymmetry in our Universe, several conditions
have to be satisfied. Those criteria were first given by Sakharov, and the require-
ments are (1) the existence of baryon number violation, (2) the violation of the
discrete C and CP symmetries, and (3) the departure from thermal equilibrium.2
Attempts to explain the baryon number asymmetry within the standard model
(SM) have been made,3, 4 but it is now known that the CP violation brought by the
Cabibbo-Kobayashi-Maskawa (CKM) matrix5, 6 is in great deficit. The existence of
matters around us is thus suggesting the existence of new physics beyond standard
model (BSM), and the search for new CP violating sources beyond it is now one of
the most important subjects of particle physics.
1
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The search for CP violation, since its first observation in K meson decays,7 was
performed in many systems. One of the most attractive observables in this context
is the electric dipole moment (EDM).8–17 The search for EDMs has several notable
advantages. The first one is its accurate experimental measurability. It does not
involve final state interaction effects, which are the main background mimicking the
CP-odd observables in decays or reactions of particles. The CKM contribution to the
EDM is also known to be very small from several analyses. Those two facts greatly
reduce the source of systematics of EDM experiments, and help us to improve the
experimental accuracy beyond that of accelerator based experiments. The second
advantage is that the EDM can be measured in various systems, and that composite
systems may enhance the fundamental level CP violation through the nontrivial
many-body effects. The third strong point is that in many cases, the cost to prepare
experiments are cheaper than other approaches, such as the accelerator based ones.
Owing to those advantages, the EDM was extensively studied in experiments.
The principle of the measurement of the EDM is to observe the spin precession
under an electric field.18 The EDM was so far measured in charge neutral systems,
such as the neutron,19 atoms and molecules,20–27 for which the spin precession fre-
quency can be probed with high accuracy by applying simultaneously magnetic
and electric fields. For the measurement of the EDM of charged systems, the same
method does not work due to the acceleration by the electric field, but it is pos-
sible to apply an effective electric field to them by rotating them under controlled
magnetic and electric fields.28–35 Recently, new techniques to measure the EDM
of charged particles using storage rings are becoming available,36–39 and the mea-
surement of the EDM of light nuclei is receiving much attention. The measurement
of the nuclear EDM has several notable advantages. First, Schiff’s screening phe-
nomenon,40 encountered in the atomic systems, is not relevant for a bare nuclear
system, and important suppression of the nuclear level CP violation is avoided. The
second strong point is the prospective experimental sensitivity of dA ∼ O(10−29)e
cm, which is well below the current experimental lower limit of the neutron EDM
dn < 2.9× 10−26e cm.19 Finally, we have the possibility of a nuclear level enhance-
ment of the CP violation due to the many-body effect.11, 41–43
To discover new sources of CP violation, the realization of experiments sensitive
to them are required. For that, finding nuclear systems where the CP violation is
enhanced is essential. An important work is therefore to evaluate with a reason-
able accuracy the nuclear many-body effect and theoretically find nuclei with large
enhancement. We must also theoretically control the nuclear EDM of various nu-
clei to disentangle the contribution of the new physics which lies in a very wide
parameter space. In this review we present recent developments on the theoretical
investigations of the EDM of light nuclei in these directions.
This review is organized as follows. We first define the nuclear EDM and in-
troduce the nucleon level CP violating interaction. We then show and analyze in
Section 3 the results of the calculation of the intrinsic nucleon EDM contribution
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to the nuclear EDM. In Section 4, we present the result of ab initio investigations
of the EDM of the deuteron, 3H, and 3He. In Section 5, we discuss the theoretical
evaluation of the EDM of light nuclei in the cluster model. We then present the
Strong CP problem caused by the θ-term and its effect on the nuclear EDM as the
uncertainty of SM. To ensure that the SM contribution due to the CKM matrix is a
negligible background, we discuss it in Section 7. We then analyze in Section 8 the
constraints on new physics BSM and future prospects on the study of the nuclear
EDM. Finally, we summarize the discussion.
2. Nuclear electric dipole moment and CP-odd hamiltonian
2.1. Electric dipole moment of nuclear many-body systems
There are three leading nucleon level CP violating processes which contribute to
the nuclear EDM:
• The intrinsic nucleon EDM.
• The nuclear polarization due to the CP-odd nuclear force.
• The exchange current effect.
The schematic picture of the breakdown of the nuclear EDM is shown in Fig. 1.
(a) (b) (c)
Fig. 1. Diagrammatic representation of the breakdown of the nuclear EDM: (a) Intrinsic nucleon
EDM contribution, (b) Nuclear polarization due to the CP-odd nuclear force, (c) Exchange current
effect. Single and double lines denote the nucleon and nucleus, respectively. The wavy lines are
the electromagnetic current insertion which probes the EDM.
We first define the contribution of the intrinsic nucleon EDM to the nuclear
EDM. The nucleon EDM is proportional to the nucleon spin, and its effect is given
by
d
(Nedm)
A =
A∑
i=1
di〈A |σiz |A 〉 ≡ 〈σp〉A dp + 〈σn〉A dn, (1)
where |A 〉 is the polarized nuclear wave function (in the z-axis). The proton and
neutron EDMs are denoted by dp and dn, respectively. The nucleon spin matrix
elements 〈σp〉A and 〈σn〉A can be calculated in nuclear physics, and they only depend
on the nuclear structure. In this review, they are also called “enhancement factors”
or “spin quenching factors”.
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The next effect is the nuclear polarization generated by the CP-odd nuclear
force. This contribution is defined by
d
(pol)
A =
A∑
i=1
e
2
〈 A˜ | (1 + τzi ) zi | A˜ 〉, (2)
where | A˜ 〉 is the polarized nuclear wave function. The coordinate in the center of
mass frame and the isospin Pauli matrix of the ith nucleon are denoted by ri and
τzi , respectively. This nuclear polarization is induced only if there is a mixing of
parity and CP in the nuclear wave function | A˜ 〉.
Finally, the exchange current contribution is given by
d
(ex)
A =
A∑
i<j=1
〈 A˜ |
∫
ρ
(2)
ij zid
3
r | A˜ 〉, (3)
where ρ
(2)
ij is the two-body exchange current operator acting on ith and jth nucleons.
The three-body exchange current operator and so forth can also be defined in a
similar manner. The exchange current is composed of the CP-even and CP-odd
parts. This effect is suppressed by the power of the nucleon velocity (v/c)2, so we
neglect it in this review.
2.2. Nucleon level CP violation
The nuclear EDM is generated only if there is nucleon level CP violation. The
leading order nucleon level CP violation receives contribution from the following P,
CP-odd chiral lagrangian:44, 45
L = −2N¯(d¯0 + d¯1τ
z)SµNvνFµν −
1
2fpi
N¯(g¯0τ · pi + g¯1π
z)N
+mN∆3pi π
z
pi
2 + C¯1N¯N∂µ(N¯S
µN) + C¯2N¯τN · ∂µ(N¯S
µ
τN), (4)
where Sµ = (0,σ/2) and vµ = (1,0). The pion decay constant is given by fpi = 93
MeV and the nucleon mass by mN = 939 MeV.
The intrinsic nucleon EDM receives the leading contribution from the bare nu-
cleon EDM terms of the chiral effective lagrangian (4), and also from the pion loop
diagram [see Fig. 2 (a)]. This radiative pion cloud effect is known to enhance the
nucleon EDM.46–49 The isoscalar and isovector nucleon EDMs are given by46, 50–53
d0 = d¯0 +
egAg¯0
4πf2pi
(
3mpi
4mN
)
+
egAg¯1
16πf2pi
mpi
mN
, (5)
and
d1 = d¯1 +
egAg¯0
4π2f2pi
(
2
4− d
− γE + ln
4πµ2
m2pi
+
5πmpi
4mN
)
+
egAg¯1
16πf2pi
mpi
mN
, (6)
respectively, where gA = 1.27 is the nucleon axial coupling
54 and mpi = 138 MeV
the pion mass. Here we have neglected the isospin breaking terms of the pion and
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nucleon masses. The bare nucleon EDMs d¯0 and d¯1 act as counterterms and cancel
the divergence of the pion loop diagram. The renormalization point µ is set to the
hadronic scale, often between 1 GeV and 500 MeV. At µ = 500 MeV, all mesons
except pions are integrated out. We consider that the contributions from radiative
processes involving K mesons and hyperons55 are renormalized into d¯0 and d¯1.
N N
pi
γ
(a)
N
N N
N
pi
(b)
Fig. 2. Leading contributions of the CP-odd pion-nucleon interaction to the nucleon level CP
violation. (a) Pion loop contribution to the nucleon EDM. (b) Pion exchange CP-odd nuclear
force.
The most important nucleon level CP violating process is the pion-exchange CP-
odd nuclear force [see Fig. 2 (b)]. At the leading order, it is generated by combining
the CP-odd pion-nucleon interaction with the CP-even one. By taking the on-mass
shell approximation of the nucleons, the momentum exchange representation of the
leading CP-odd nuclear force in the chiral EFT yields44, 45, 56
VP/ T/ (k) =
{
i
gAg¯0
f2pi(k
2 +m2pi)
(τ 1 · τ 2)σ− + i
gAg¯1
2f2pi(k
2 +m2pi)
(τz+ σ− + τ
z
− σ+)
−
i
2
[
C¯1 + C¯2(τ 1 · τ 2)
]
σ−
}
· kˆ , (7)
where the subscripts label the nucleon. The unit vector of the exchanged momentum
k is given by kˆ ≡ k1−k2
|k1−k2|
. The spin and isospin Pauli matrices are given by σ− ≡
σ1 − σ2, σ+ ≡ σ1 + σ2, τ− ≡ τ 1 − τ 2, and τ+ ≡ τ 1 + τ 2. Here the contact
couplings C¯1 and C¯2 contain the effects from short range physics, including those
from heavy mesons with masses above the cutoff µ.
A more phenomenological CP-odd nuclear force based on one meson exchange
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model can be conceived.57–60 In the coordinate representation, it is given as
VP/ T/ (r) =
{
G¯(0)pi (τ 1 · τ 2)σ− +
1
2
G¯(1)pi (τ
z
+ σ− + τ
z
− σ+)
+G¯(2)pi (3τ
z
1 τ
z
2 − τ 1 · τ 2)σ−
}
· rˆ V (mpi, r)
+
{
G¯(0)η σ− +
1
2
G¯(1)η (−τ
z
+ σ− + τ
z
− σ+)
}
· rˆ V (mη, r)
+
{
−G¯(0)ρ (τ 1 · τ 2)σ− −
1
2
G¯(1)ρ (τ
z
+ σ− − τ
z
− σ+)
−G¯(2)ρ (3τ
z
1 τ
z
2 − τ 1 · τ 2)σ−
}
· rˆ V (mρ, r)
+
{
−G¯(0)ω σ− −
1
2
G¯(1)ω (τ
z
+ σ− + τ
z
− σ+)
}
· rˆ V (mω, r), (8)
where the radial function V is given by
V (mX , r) =
1
2mN
∇
e−mXr
4πr
= −
mX
8πmN
e−mXr
r
(
1 +
1
mXr
)
. (9)
The shape of V (mX , r) is shown in Fig. 3 for the exchanges ofX = π, η, ρ, ω mesons.
This CP-odd potential has been used in many previous ab initio analyses61–66 and
has served as a benchmark of the ab initio nuclear EDM calculations.
-3
-2.5
-2
-1.5
-1
-0.5
 0
 0  0.5  1  1.5  2  2.5  3
V(
m X
,
r) 
(M
eV
)
r(fm)
pi exchange
η exchange
ρ exchange
ω exchange
Fig. 3. The radial shape of the CP-odd nuclear force V (mX , r) for pi-, η-, ρ- and ω-exchanges.
Let us here mention several features of the CP-odd nuclear force (8) and their
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expected impact on the nuclear polarization. The CP-odd nuclear force has the
structure of a product between the nucleon density and the three dimensional di-
vergence of the spin density. As it is a spin dependent interaction, nuclei with closed
spin shell cannot be polarized. The polarization is also dependent on the nucleon
density, so that the increase of the nucleon number should enhance the nuclear
EDM. The CP-odd nuclear force is however an exchange of massive mesons, so its
effect is limited in a finite range. As the nuclear density is saturated and the nuclear
volume increases for large nuclei, the CP-odd interaction will know a limitation of
the nuclear polarization when the nucleon number sufficiently grows. Another im-
portant feature is the derivative, which makes the CP-odd interaction to be sensitive
on the surface of the nucleus. This property suggests that nuclei with a well devel-
oped cluster structure may enhance the EDM, due to the increase of the density
gradient inside the system. The nuclear EDM may also be enhanced due to oc-
tupole deformations, which facilitate the transition between opposite parity states
by decreasing their level spacings in the spectrum.67–69
The P, CP-odd NN couplings G¯
(i)
X (i = 0, 1, 2;X = π, η, ρ, ω) are dimensionless.
The isoscalar and isovector couplings can be given from the chiral EFT analysis.
To the leading order, the CP-odd pion-nucleon couplings and the CP-odd NN
couplings are related by
G¯(0)pi =
gAmN
2f2pi
g¯0, (10)
G¯(1)pi =
gAmN
2f2pi
g¯1. (11)
In the chiral analysis, the isotensor CP-odd nuclear force [term with G¯
(2)
pi in Eq.
(8)] is suppressed by an additional factor of light quark mass, so it is negligible in
the analysis of the EDM of light nuclei. (For heavy nuclei, it may be relevant due to
the effective interaction generated by the isospin violation of the nuclear medium).
The chiral EFT analysis does not include mesons heavier than the pion, due
to the cutoff placed near µ = 500 MeV. Instead, their effect is renormalized into
the contact interaction [terms with C¯1, C¯2 in Eq. (4)]. In the hamiltonian (8), we
can find terms with the same spin and isospin structures as the contact terms. As
the cutoff is lower than the masses of η, ρ and ω mesons, their exchange processes
can be approximated as contact interactions. We can therefore match the contact
couplings C¯1 and C¯2 with those of η and ρ exchange, respectively, as
G¯(0)η ≈ −2mNm
2
ηC¯1, (12)
G¯(0)ρ ≈ 2mNm
2
ρC¯2. (13)
The CP-odd chiral lagrangian (4) contains a three-pion interaction which gener-
ates the CP-odd three-nucleon force and also additional contribution to the isovector
CP-odd pion-nucleon interaction.70 The isovector CP-odd pion-nucleon interaction
is radiatively generated by the diagram (a) of Fig. 4. This additional contribution,
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at the leading order, is given by the momentum dependent vertex function
g¯3pi(k) = fg1(k)∆3pi , (14)
with the momentum dependent function70
fg1(k) = −
15g2AmpimN
32πf2pi
{
1 +
[
1 + 2k2/(4m2pi)
3|k|/(2mpi)
arctan
(
|k|
2mpi
)
−
1
3
]}
, (15)
where k is the momentum of the outgoing pion. The momentum independent part
of fg1 (the first term in the curly bracket) gives the leading contribution to the
nuclear EDM. The isovector CP-odd nuclear force is therefore corrected as
G¯(1)pi =
gAmN
fpi
[
g¯1
2fpi
−
15g2AmpimN
32πf2pi
∆3pi
]
, (16)
where we have neglected the momentum dependence.
(a) (b)
Fig. 4. Diagrammatic representation of the contribution of the three-pion interaction to the
nucleon level CP violating processes. The solid and dashed lines denote the nucleon and the pion,
respectively. (a) Radiatively generated isovector CP-odd pion-nucleon interaction. (b) CP-odd
three-nucleon force.
The three-pion interaction [see Fig. 4 (b)] also generates the CP-odd three-
nucleon force:70
V 3NP/ T/ (k1,k2,k3) = −i∆3pi
mNg
3
A
4f3pi
[
(τ 1 · τ 2)τ
z
3 + (τ 2 · τ 3)τ
z
1 + (τ 3 · τ 1)τ
z
2
]
×
(σ1 · k1)(σ2 · k2)(σ3 · k3)[
k
2
1 +m
2
pi
][
k
2
2 +m
2
pi
][
k
2
3 +m
2
pi
] , (17)
where the subscript of the momentum k, isospin and spin matrices labels the nu-
cleon. The above CP-odd three-nucleon force depends on the spin and isospin ma-
trices of three nucleons at the same time. This means that it is active only for
configurations where all interacting nucleons are unpaired. As the nucleons have
tendency to be paired in singlet, the effect of the CP-odd three-nucleon force is
expected to be small for stable nuclei.
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3. Intrinsic nucleon EDM contribution
In this Section, we present and analyze the results of the calculations of the intrinsic
nucleon EDM contribution to the nuclear EDM (1). The results of the evaluations
of the enhancement factors of the intrinsic nucleon EDM for the deuteron, 3He, 3H
(ab initio using Av18,66, 71 chiral EFT72, 73), 6Li, 9Be, and 13C (Cluster model66, 74)
are listed in Table 1. Let us now analyze them in detail.
Table 1. Enhancement factors of intrinsic nucleon EDM for the deuteron, 3He, 3H, 6Li, 9Be, and
13C. The data are quoted from Refs. 66, 72, 74. For the results of chiral EFT, the error bar is also
shown.
Ab initio (Av18) Chiral EFT Cluster model Simple Shell Model
〈σp〉 〈σn〉 〈σp〉 〈σn〉 〈σp〉 〈σn〉 〈σp〉 〈σn〉
2H 0.914 0.914 0.939± 0.009 0.939± 0.009 − − 1 1
3He -0.04 0.88 −0.03 ± 0.01 0.90± 0.01 − − 0 1
3H 0.88 -0.05 0.92± 0.01 −0.03± 0.01 − − 1 0
6Li − − − − 0.86 0.86 1 1
9Be − − − − − 0.75 0 1
13C − − − − − −0.33 0 − 1
3
In many-body systems, the EDM of the constituents may be enhanced if their
spins are aligned. It is however known that the nucleons have strong pairing cor-
relations, which tend to minimize the nuclear spin. Stable even-even nuclei have
an angular momentum 0+ without exception. Moreover, there are no stable odd-
numbered nuclei with aligned nucleon spin with the same isospin. We cannot there-
fore expect enhancements of the nucleon EDM effect from the alignment of the
nucleon spin. Rather, the nuclear spin matrix elements are suppressed by the mix-
ing of angular momentum configurations. Due to the spin dependent interactions
between nucleons, orbital angular momentum configurations with flipped nucleon
spin mix together, and their superposition suppresses the nuclear spin matrix ele-
ments. A good example is the intrinsic nucleon EDM contribution to the deuteron
EDM, which is smaller than one for both the proton and the neutron (see Table 1).
This suppression is due to the mixing of d-wave, which interferes destructively to
the deuteron spin matrix elements.66, 72, 73
Another possible mechanism of enhancement of the EDM of composite systems
is the relativistic effects.75–77 This process was especially important in the study
of the atomic EDM, where the electron EDM is enhanced by the strong Coulomb
potential of heavy atoms.11 This effect is however negligible in nuclear systems, as
the nucleons are nonrelativistic, at least for light nuclei which are the main target
of this review. Rather, the nucleon EDM may be partially screened by a mechanism
analogue to Schiff’s screening,78 encountered in atoms. This suppression effect is of
the order of percentage for the deuteron, but may be more important for heavier
nuclei. As a general feature, the nuclear spin matrix elements have tendency to
become small when the neutron or proton numbers become far from their magic
numbers.79, 80
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The enhancement factors of intrinsic nucleon EDM contribution to the nuclear
EDM are therefore smaller than one for stable nuclei, and we can affirm that the
nuclear EDM generated by the intrinsic nucleon EDM is generally not enhanced.
As we can see in Table 1, the linear coefficients of the nucleon EDM contribution
to the nuclear EDM (〈σp〉, 〈σn〉) are all less than one. In this sense, we should call
them “spin quenching factors”, rather than “enhancement factors”.
As a simple way to confirm the reliability of the results, we can estimate the
enhancement factors of the nucleon EDM in the simple shell model.11, 41–43, 81 In
the nuclear shell model, the nucleus is considered as a system made of a core and
valence nucleons. By assuming a spherical nucleus with a valence nucleon N , the
EDM of odd-numbered nuclei is given by
dA = dN 〈σN 〉 =
{
dN (j =
1
2 + l)
− jj+1dN (j =
1
2 − l)
, (18)
where j and l are the total and valence nucleon orbital angular momenta, respec-
tively. For even-numbered nuclei with two valence nucleons such as the deuteron or
6Li, we just consider that there are two valence nucleons with constructively aligned
spins. By comparing the results of the ab initio and cluster model calculations with
the estimation in the simple shell model (see Table 1), we see that this valence nu-
cleon picture works well in describing the nucleon EDM contribution to the nuclear
EDM. The suppression of the formers against that of the simple shell model results
is due to the mixing of angular momentum configurations, as already discussed in
this section.
The intrinsic nucleon EDM contribution to the nuclear EDM is important since
it can provide effects of isoscalar CP-odd pion-nucleon interaction [see Eq. (6)] on
the nuclear EDM, which tends to have stronger isovector dependence (g¯1). This is
particularly important when we want to probe the effect of the quark EDM or the
Weinberg operator. For detail, see Section 8.2.
4. Ab initio evaluation of the polarization contribution to the
EDM of the deuteron, 3H and 3He
In the ab initio evaluation of the nuclear EDM, the Schro¨dinger equation of a many-
nucleon system is solved using the bare NN potential without any approximations
of many-body physics, and the EDMs of the deuteron, 3He, and 3H nuclei were
considered in previous works. As the phenomenological CP-even realistic nuclear
forces, Argonne v18,71 Reid 93, Nijmegen II,82 and Inside Non-local Outside Yukawa
tail (INOY)83 potentials have been used. For the three-nucleon systems, the effect
of the three-body force of Urbana IX84–87 was also considered. Finally, those EDMs
were analyzed in the chiral effective field theory (EFT), which is based on the
symmetry of QCD. In this case it is possible to analyze order-by-order the hadron
level CP violation, and systematically estimate the error.
The CP-odd interactions are small perturbations, so the nuclear EDM should
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linearly depend on the them. Here we parametrize the EDM in terms of the phe-
nomenological CP-odd NN couplings of Eq. (8) as
dA =
∑
i=0,1
[
a(i)pi G¯
(i)
pi + a
(i)
η G¯
(i)
η + a
(i)
ρ G¯
(i)
ρ + a
(i)
ω G¯
(i)
ω
]
, (19)
where we take up to isovector terms. In Tables 2 and 3 are summarized the results
of the ab initio calculations of the coefficients a
(i)
X (i = 0, 1;X = π, η, ρ, ω) of the
EDM of the deuteron, 3He, and 3H nuclei. The results of the chiral EFT are given
from the next-to-next-to-leading order analysis.72, 73
The most important observation is that the contribution of the pion exchange
CP-odd nuclear forces to the deuteron and three-nucleon systems agrees well for
the realistic nuclear forces considered. This is not surprising, because the CP-odd
polarization is generated by the long range pion exchange process, and the long
range part of the nuclear wave functions is well described by the realistic nuclear
forces as well as by the chiral EFT, which respect the pion exchange. We also see
some enhancement of the isoscalar CP-odd nuclear force contribution to the EDM
of 3He and 3H for the results of chiral EFT and INOY potential. The shift due to
the three-nucleon force is less than 10% (compare Av18 only and Av18+UIX in
Table 3).
The estimation of the theoretical uncertainty is available for the chiral EFT
analysis.72, 73 The error bars of a
(1)
pi for the deuteron and a
(i)
pi (i = 0, 1, 2) for the
three-nucleon systems are about 10%. They were determined from the variance
of the results obtained with five different sets of cutoffs (cutoff for the evaluation
of the nuclear potential and that needed in the many-body calculation). For the
calculations of the EDM of light nuclei using realistic nuclear potentials, there are
no firm way to define the error bar.
The polarization contribution to the deuteron EDM is insensitive to the isoscalar
and isotensor CP-odd nuclear forces under the isospin symmetry. If the isospin
breaking effect is considered (e.g. chiral EFT), the isoscalar CP-odd pion-nucleon
coupling g¯0 also contributes to the deuteron polarization, but this has a large theo-
retical uncertainty.44 This contribution is however smaller than the pion cloud effect
of the single nucleon EDM [see Eq. (5)], so we can neglect it.
The isovector CP-odd nuclear force is relevant for the deuteron as well as for
the three-nucleon systems. Here it is important to note that the effect of the three-
pion interaction also contributes through the isovector CP-odd pion-nucleon in-
teraction [see Eqs. (14) and (15)]. Another interesting feature is that the CP-odd
three-nucleon interaction generated by the three-pion interaction was found to be
subleading in the EDM of 3He and 3H, compared to the radiative isovector CP-odd
nuclear force.72
In regards to the phenomenological CP-odd potential, the contributions from the
exchange of mesons heavier than the pion (η, ρ, ω) are suppressed. The polarization
becomes smaller as the meson mass increases. If the meson is sufficiently heavy,
the contact interaction approximation can be applied. For those contributions, the
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results become more dependent on the realistic nuclear force chosen. The coefficients
vary from the first digit, and the theoretical uncertainty is O(100)% (see Tables 2
and 3)). This large uncertainty is due to the lack of knowledge of the short range
part of the nuclear force.
The effect of heavy meson exchange is integrated out in the chiral EFT analysis,
and this effect is renormalized into the contact interactions [see Eq. (4)]. In Table 3,
we have displayed their effects by using the approximations of Eqs. (12) and (13).
The calculation of the effect of contact interactions on the nuclear EDM is affected
by a large theoretical uncertainty for the same reason as that of the heavy meson
exchange CP-odd nuclear force, and the results are very unstable.72 We should
therefore consider their values as the error bar of the EDM calculation.
Table 2. Comparison of the evaluations of the coefficients a
(i)
X
(i = 0, 1;X = pi, η, ρ, ω) of the deuteron
EDM. Coefficients are in unit of 10−2e fm. The data are quoted from Refs. 44, 61, 62, 66, 72. For the results
of chiral EFT analysis, the error bar is also shown.
2H EDM a
(0)
pi a
(1)
pi a
(0)
η a
(1)
η a
(0)
ρ a
(1)
ρ a
(0)
ω a
(1)
ω
Chiral limit − 1.9 − − − − − −
Av18 − 1.45 − 0.157 − 6.25× 10−2 − −5.90× 10−2
Reid93 − 1.45 − 0.168 − 6.83× 10−2 − −6.53× 10−2
Nijm II − 1.47 − 0.172 − 7.50× 10−2 − −7.19× 10−2
Chiral EFT (4± 5)× 10−3 1.42± 0.13 − − − − − −
Table 3. Comparison of the coefficients a
(i)
X
(i = 0, 1;X = pi, η, ρ, ω) of the EDMs of 3He and 3H evaluated ab intio with several realistic nuclear
forces. Coefficients are in unit of 10−2e fm. The data are quoted from Refs. 65, 66, 72. For the results of chiral EFT analysis, the error bar is also
shown.
3He EDM a
(0)
pi a
(1)
pi a
(0)
η a
(1)
η a
(0)
ρ a
(1)
ρ a
(0)
ω a
(1)
ω
Av18 0.59 1.08 −5.77× 10−2 0.106 −3.02× 10−2 4.26× 10−2 2.27 × 10−2 −5.27× 10−2
Av18+UIX 0.55 1.06 −4.78× 10−2 0.097 −2.70× 10−2 3.96× 10−2 1.87 × 10−2 −5.18× 10−2
Reid93 0.61 1.09 −6.07× 10−2 0.115 −3.85× 10−2 4.87× 10−2 2.48 × 10−2 −5.75× 10−2
Nijm II 0.61 1.11 −5.85× 10−2 0.123 −3.51× 10−2 5.42× 10−2 2.32 × 10−2 −6.29× 10−2
INOY 1.03 1.09 −0.153 0.155 −0.16 8.58× 10−2 8.34 × 10−2 −0.103
Chiral EFT 0.86± 0.10 1.10± 0.15 (−5.7 ± 2.3)× 10−2 − (−6.1± 1.5)× 10−2 − − −
3H EDM a
(0)
pi a
(1)
pi a
(0)
η a
(1)
η a
(0)
ρ a
(1)
ρ a
(0)
ω a
(1)
ω
Av18 −0.59 1.08 5.80× 10−2 0.106 3.07× 10−2 4.27× 10−2 −2.28× 10−2 −5.34× 10−2
Av18+UIX −0.55 1.08 4.78× 10−2 0.097 2.73× 10−2 3.96× 10−2 −1.87× 10−2 −5.31× 10−2
Reid93 −0.61 1.11 6.07× 10−2 0.116 3.93× 10−2 4.91× 10−2 −2.50× 10−2 −5.89× 10−2
Nijm II −0.61 1.13 5.85× 10−2 0.124 3.54× 10−2 5.45× 10−2 −2.32× 10−2 −6.45× 10−2
INOY −1.03 1.11 0.154 0.156 0.16 8.62× 10−2 8.38 × 10−2 −0.106
Chiral EFT −0.84± 0.10 1.08± 0.15 (5.6± 2.2)× 10−2 − (6.0± 1.5) × 10−2 − − −
5. Evaluation of the nuclear polarization effect in the cluster model
As we have seen in Section 2.2, the operator form of the CP-odd nuclear force (8) is
suggesting that the nuclear EDM is enhanced for nuclei with well developed cluster
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structure. For that, we have to study the polarization effect of nuclei beyond three-
nucleon systems. In this section, we introduce the cluster model and present the
theoretical evaluation of the EDM of 6Li, 9Be and 13C.
5.1. Setup of the cluster model
The computational cost of calculating the wave function of N -body systems is
known to become exponentially difficult in growingN . The evaluation of the nuclear
wave functions of light nuclei is already difficult for 6Li or 7Li. In nuclear physics,
however, the α cluster is very stable, and has a strong correlation even inside nuclei.
For light nuclei, the cluster structure is actually known to be well developed (e.g.
the 6Li nucleus is given as an α− p−n system). The idea to treat light nuclei with
α clusters has been very successful in describing low lying spectra, and the cluster
model has so far extensively been investigated.88–90 If we model light nuclei in terms
of α clusters, the computational cost greatly decreases, and may help us to evaluate
their EDM.
To calculate the wave function of light nuclei in the cluster model, we have to
determine the interactions involving clusters. The common concept is to construct
an effective NN interaction which respect the model space of the nucleon inside the
cluster, and apply the folding. For the α − N or α − α interactions, the effective
interaction is determined from the experimental data of low energy N −α or α−α
scattering.91–93 To reproduce the energy spectrum of light nuclei, the phenomeno-
logical three- and four-body interactions between α clusters and/or nucleons are
also introduced.
Another critically important feature of the cluster model is how to model the
effect of Pauli exclusion principle between nucleons of different clusters. The Pauli
exclusion is taken into account via the Orthogonality Condition Model (OCM), which
consists of manually projecting out the forbidden states.94–98 In the few-body clus-
ter model, it is convenient to remove Pauli-forbidden states by including in the
hamiltonian the Pauli-blocking operator99
VPauli = lim
λ→∞
λ
∑
f
|uf〉〈uf |. (20)
For example, the states f = 0S and f = 0S, 1S, 0D are removed for the α−N and
α−α systems, respectively. In practice, the forbidden states are approximately given
by the energy eigenfunctions of the harmonic oscillator potential. The coupling λ is
typically set as λ = 104 MeV.
By excluding forbidden states, OCM can prevent nuclear clusters from collaps-
ing, and can reproduce the saturation of the nuclear density. Meanwhile, low lying
energy eigenstates with well developed clusters, relevant near thresholds, can also
well be described. The cluster model is therefore very adequate in analyzing the
low energy dynamics of light nuclei, comprising shell and cluster correlations. It has
been extensively applied in the study of the structure of multi-α clustered nuclei,
such as 8Be,100 12C,101 or 16O,102 and their description was successful. The model
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is also well applicable to odd-numbered nuclei with a valence nucleon and several α-
clusters, such as the 13C nucleus. The analysis of the structure of 13C in the 3α+N
cluster model with OCM yields bound states with a shell-like configuration and
excited states with an enhanced 9Be + α correlation, well reproducing the observed
spectrum.103
5.2. Folding of CP-odd nuclear force in the cluster model
In calculating the EDM of light nuclei in the cluster model, the CP-odd intercluster
force also has to be modeled. For light nuclei where the α cluster is a relevant degree
of freedom, we have to calculate the CP-odd α−N interaction. Here we present the
derivation of the CP-odd α−N interaction by folding the CP-odd NN interaction.
We must note that only the isovector P, CP-odd nuclear force contributes to the
nuclear EDM, since the isoscalar and isotensor CP-odd interactions require the spin
and isospin flips for both interacting nucleons, which excite the α cluster. Moreover,
all CP-odd nuclear forces vanish for the α− α interaction due to the closed shell.
By only considering the direct contribution (no exchange of nucleons between
clusters) to the α − N system, the folding of the pion exchange CP-odd nuclear
force yields the potential
Vα−N (r)rˆ =
∫
d3R′ V (mpi, |r −R
′|)ρα(R
′)
r −R′
|r −R′|
, (21)
where r is the coordinate of the nucleon with the origin located in the center of
mass of the 4He nucleus. The radial function of the CP-odd NN potential is given
in Eq. (9). To fold the potential we must remove the unphysical effect of the center
of mass motion of the α − N system (see Fig. 5). The effective density of the α
cluster ρα, approximated by a gaussian, must therefore be written as
ρα(r) = 4
(
4
3
·
λα
π
) 3
2
e−
4
3
λαr
2
, (22)
with the oscillator constant λα = (1.358 fm)
−2 = 0.5423 fm−2. The factor 43 in front
of λα accounts for the center of mass of the α cluster.
By substituting λ′α ≡
4
3λα, the folding potential is transformed as
Vα−N (r) rˆ = −
mX
2πmN
(
λ′α
π
) 3
2 ∫
d3R′
e−mX |r−R
′
|
|r −R′|
(
1 +
1
mX |r −R
′|
)
e−λ
′
αR
′2 r −R′
|r −R′|
=
mX
mN
√
λ′α
2π
3
2 r
rˆ
∫ ∞
0
dR′ e−mXR
′
(
1 +
1
mXR′
)
×
[
e−λ
′
α(r−R
′)2
(
1
2λ′αrR
′
− 1
)
− e−λ
′
α(r+R
′)2
(
1
2λ′αrR
′
+ 1
)]
. (23)
The remaining radial integral cannot be performed analytically. By numerically
integrating the above integral, we obtain the curve of Fig. 6.
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Fig. 5. Removal of the spurious center of mass effect in the folding of the CP-odd α −N inter-
action.
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Fig. 6. The radial shape of the bare pion exchange CP-odd nuclear force V (r) and its folding
potential Vα−N (r).
We see that the CP-odd α − N interaction has a maximal point around 1 fm,
and decreases exponentially in growing r. This bump is consistent with the property
of the derivative interaction, for which the change of the nuclear density becomes
important at the surface, as explained in Section 2.2. The interaction range is also
extended due to the nuclear density distribution of the α cluster. The CP-odd
α−N interaction cannot be obtained by naively multiplying the bare CP-odd NN
interaction by four due to the above properties.
Here we have to note that in Eq. (23), we have used the bare CP-odd NN
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interaction. To be exact, the folding of the bare NN potential is not respecting the
model space of the α−N system which has less degrees of freedom, and the use of
the effective CP-odd NN interaction is actually required to control the systematics.
It is expected that the long range part of the pion exchange CP-odd nuclear force
is little affected by this change of model space, but the short range forces must be
modified to a large extent, since they involve energies which may exceed the model
space. It is therefore not possible to treat the CP-odd nuclear forces with heavy
meson exchange, or the contact CP-odd interactions in the folding without deriving
their effective interactions. In this review, we only consider the folding of the pion
exchange CP-odd nuclear force.
We also point that the isovector CP-odd α−N interaction receives contribution
from the three-pion interaction through Eqs. (14) and (15). On the contrary, the
CP-odd three-nucleon force (17) is not relevant since the nucleons in the α cluster
are in closed shell. For the study of light nuclei in the cluster model, the latter can
therefore be neglected.
5.3. The EDMs of 6Li, 9Be, and 13C
We now give the result of the evaluation of the EDM of light nuclei in the cluster
model. The nuclear EDMs of 6Li, 9Be, and 13C have been calculated so far. The 6Li
and 9Be were treated as α−p−n and α−α−n three-body systems, respectively.66
The 13C was considered as an α−α−α−n four-body system.74 The EDM of those
few-body systems were calculated in the Gaussian Expansion Method, which can
solve few-body Schro¨dinger equations very accurately.104 The results are shown in
Table 4. Let us see them in detail one by one.
Table 4. Sensitivity of the EDMs of 6Li, 9Be, and 13C on nucleon level CP-violating parameters. The coefficients a
(i)
X
(i = 0, 1, 2;X = pi, η, ρ, ω) are defined in Eq. (19). The results of the ab initio evaluations (Av18) of the EDMs of the deuteron, 3He,
and 3H are also shown for comparison. The coefficients are in unit of 10−2e fm. The data are quoted from Refs. 66, 74.
a
(0)
pi a
(1)
pi a
(2)
pi a
(0)
η a
(1)
η a
(0)
ρ a
(1)
ρ a
(2)
ρ a
(0)
ω a
(1)
ω
2H − 1.45 − − 0.157 − 6.25× 10−2 − − −5.90× 10−2
3He 0.59 1.08 1.68 −5.77× 10−2 0.106 −3.02× 10−2 4.26× 10−2 −7.68× 10−2 2.27× 10−2 −5.27× 10−2
3H −0.59 1.08 -1.70 5.80× 10−2 0.106 3.07× 10−2 4.27× 10−2 7.86× 10−2 −2.28× 10−2 −5.34× 10−2
6Li − 2.2 − − 0.17 − 7.0× 10−2 − − 0.12
9Be − 1.4 − − − − − − − −
13C − −0.20 − − − − − − − −
The 6Li is the lightest stable nuclear system with non-zero total angular mo-
mentum which can be found after the three-nucleon systems. The 6Li EDM is well
described by the α+ d cluster structure, and its EDM inherits the property of that
of the deuteron. The intrinsic nucleon EDM contribution to 6Li is very similar to
the deuteron. Concerning the polarization by the CP-odd nuclear force, the 6Li is
polarized by the deuteron subsystem, and also by the CP-odd α − N interaction.
Those two effects are comparable, and their positive interference enhances the sen-
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sitivity of 6Li EDM on the isovector CP-odd pion exchange nuclear force. This case
is an example which shows the enhancement of the CP violation by the nuclear
cluster structure.
There are additional subdominant effects such as the isoscalar or isotensor CP-
odd nuclear forces. Those effects vanish in the cluster model setup with isospin
symmetry. They may become relevant when the excitation of the α cluster is con-
sidered, but this effect requires additional energy of about 20 MeV, which is much
larger than the 6Li binding energy 3.7 MeV, and therefore negligible. As for the
deuteron, the leading isoscalar effect should be brought by the intrinsic nucleon
EDM contribution.
In Ref. 66, the effect of exchanges of heavier mesons [Eq. (8)] was also considered.
For the 6Li, the η and ρ exchange CP-odd nuclear forces contribute only to the
polarization of the N − N subsystem. This can be understood by the close values
of the isovector coefficients of the 6Li nucleus with those of the deuteron. The ω
exchange, however, also contributes to the polarization of the α−N subsystem. As
it was mentioned previously, a simple folding of heavy meson exchange processes
yields results with unknown systematics due to the change of the model space, so
we do not consider the ω exchange.
We also mention the accuracy of this cluster model evaluation. In the cluster
model used, the root mean square distance of the α −N subsystem is about 4 fm.
At this distance, the variation of the CP-odd α − N interaction is mild, and the
folding potential should well describe it. It is expected that the error bar of the
isovector CP-odd nuclear force effect does not exceed 20 %.
The 9Be EDM is also analyzed in the same manner. In the cluster model, the
EDM of 9Be is polarized only by the CP-odd α−N interaction, and its sensitivity to
the isovector CP-odd nuclear force is close to that of the deuteron. As the distance
between an α cluster and the single neutron inside 9Be is about 4 fm, the cluster
picture is expected to work well, so that the folding of the CP-odd potential describes
well the CP-odd polarization.
As the α cluster is considered to be unbreakable, the isoscalar and isotensor
CP-odd nuclear forces are not relevant for the polarization contribution to 9Be. For
the 9Be nucleus, however, the intrinsic neutron EDM also contributes to the nuclear
EDM through the spin quenching factor which is close to one (see Table 4). The
leading isoscalar (g¯0) effect of
9Be is therefore generated by the pion cloud process
of the neutron EDM.
The effect of heavier meson exchanges cannot be considered in the case of 9Be,
since the model space of those interactions does not match that of the folding po-
tential. A similar problem is also encountered for the calculation of the contribution
of the CP-odd contact interactions. In this case, they must be renormalized at the
energy scale corresponding to the cutoff of the model space of the α cluster model.
The EDM of 13C was also evaluated within the cluster model.74 As for 9Be, the
13C nucleus is sensitive to the isovector CP-odd pion-nucleon coupling due to the
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polarization by the CP-odd α−N interaction, and its EDM depends on the isoscalar
CP-odd pion-nucleon coupling through the pion cloud effect of the intrinsic neutron
EDM. We do not consider the CP-odd nuclear force due to the exchange of heavier
mesons or contact interactions, since the interaction is not renormalized to respect
the model space.
The EDM of 13C is less sensitive on the isovector CP-odd nuclear force than the
other lighter nuclei by an order of magnitude. Its analysis is however interesting in
understanding how the CP-odd polarization effect is suppressed. The 13C nucleus
has a ground state (12
−
1
) which is well understood as a shell-like nucleus. If we
describe it in terms of a system made of a valence nucleon and a 12C core, the orbital
angular momentum l = 1 and the nucleon spin will be constructively combined due
to the spin-orbit force. The angular momentum of 12C core therefore has to be 2+
to obtain the 12
−
1
state. The opposite parity excited state of 13C (12
+
1
) is located 3.1
MeV above the ground state, but this state is a neutron halo state with a 0+ 12C
core due to the damp of the spin-orbit force, and the transition between 12
−
1
and
1
2
+
1
states through the CP-odd nuclear force or the EDM operator is suppressed.
The next candidate of states which can couple to the 12
−
1
state through the
parity mixing is the 12C + n continuum state, which opens at 4.9 MeV above the
ground state. However, we also have here a dominant configuration with 0+ 12C
core, and the transition between them is small. The state with the best overlap is
the continuum state with a neutron and an excited 12C core (2+, 4.4 MeV above
0+). Its threshold is 9 MeV above the ground state, and the transition is suppressed
energetically.
From the analysis of the EDM of 13C, we can learn that the existence of low lying
opposite party states with the same angular momentum is not a sufficient condition
to obtain large CP-odd nuclear polarization. The bad transition between low lying
opposite parity states may also be relevant for 15N, which have a 12
−
ground state
and a 12
+
state at 5.3 MeV. This analysis is also suggesting that the EDM of nuclei
with a shell-like structure is less advantageous than clustered nuclei in enhancing
the CP-odd effect.
Let us add a brief comment on the effect of the CP-odd contact interaction
of chiral EFT. The isospin blind contact interaction [term with C¯1 of Eq. (7)] in
principle does contribute to the CP-odd α − N interaction. The contribution of
C¯1 to the EDM of
6Li is forbidden by isospin selection rule. The 9Be and 13C
nuclei can probe the effect of C¯1. To evaluate it correctly, we have to derive the
effective interaction by changing the model space, but it is not currently available.
The isospin dependent isoscalar CP-odd contact interaction [term with C¯2 of Eq.
(7)] cannot contribute to the CP-odd α−N folding potential, since it has to open
the isospin shell of the α cluster. Therefore, C¯2 cannot be probed with the EDMs
of 6Li, 9Be, 13C.
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6. θ-term contribution
It is known that the strong interaction involves a CP violating interaction, the
θ-term, defined by
Lθ = θ¯
αs
8π
ǫµνρσGaµνG
a
ρσ , (24)
where αs is the strong coupling and G
a
µν the gluon field strength. This term is not
forbidden in SM, so it is of importance to quantify its effect on the hadronic CP
violating observables.
The θ-term contribution to the nucleon EDM was evaluated in many phenomeno-
logical approaches.12, 46–49, 105–107 The chiral EFT analysis of the nucleon EDM
within the θ-term involves several low energy constants which have to be fitted
from phenomenology or lattice QCD data [see Eqs. (5) and (6)]. Using lattice QCD
data with pion mass out of its physical one,108 the nucleon EDMs calculated in
chiral EFT are45, 50, 51, 53
dn = −(2.7± 1.2)× 10
−16θ¯ e cm, (25)
dp = (2.1± 1.2)× 10
−16θ¯ e cm. (26)
Continuous efforts to calculate the nucleon EDM in lattice QCD are also on-going,
although simulations at the physical pion mass are still difficult.108–115 Currently,
results of the calculation of the nucleon EDM at the pion mass mpi = 170 MeV are
giving115
dn = −(0.93± 0.43)× 10
−14θ¯ e cm, (27)
dp = (1.01± 0.90)× 10
−14θ¯ e cm. (28)
The direct calculation of the θ-term contribution to the nucleon EDM at the physical
pion mass mpi = 135 MeV is one of the important goal in the study of hadronic CP
violation.
The most recent experimental data of the neutron EDM is giving an upper
limit19
dn < 2.9× 10
−26e cm. (29)
The constraint on the θ-parameter is then
θ¯ < 10−10. (30)
As this term is not suppressed or forbidden by some symmetries or mechanisms
in SM, the natural size of the coupling should be of order one, like the CP-even
QCD lagrangian. The constraint from the experimental data is suggesting a much
smaller θ¯ than its naturally expected size. This problem is known as the Strong CP
Problem.
As a natural resolution of this problem, a mechanism making the θ-term irrel-
evant was proposed by Peccei and Quinn.116 This consists of introducing a new
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scalar field, the axion, which has the following lagrangian
La =
1
2
∂µa∂
µa+
a(x)
fa
αs
8π
ǫµνρσGaµνG
a
ρσ, (31)
with fa the decay constant of some symmetry which is broken at some energy scale
much higher than the electroweak one. This field develops an expectation value
at 〈a〉/fa + θ¯ = 0 due to the nonzero topological susceptibility of QCD, and the
effect of the θ-term is dynamically canceled. This attractive mechanism was often
considered in the study of hadronic CP violation.12
The axion mechanism cancels the effect of the bare θ-term, but it may also
induce dynamical one in the presence of additional CP-odd operators, through the
correlation with the topological charge.117, 118 As an example, the induced θ-term
due to the quark chromo-EDM is
θ¯ind =
m20
2
∑
q
dcq
mq
. (32)
where m20 ≡ −
〈0|gsq¯σµνtaG
µν
a q|0〉
〈0|q¯q|0〉 = 0.8GeV
2.119, 120 This induced θ-term has compa-
rable contribution as other hadronic CP-odd effective interactions, and cannot be
neglected. This means that the evaluation of the θ-term contribution to hadronic
CP violation is important even if the axion mechanism is active.
If the axion mechanism is inactive, Eq. (30) is a phenomenological constraint that
corresponds to the theoretical uncertainty of the SM contribution. In the analysis
of the new physics contribution to the nuclear EDM, the effect of the θ-term must
therefore be investigated within the allowed region.72, 73, 121–123 As we have seen
previously, the contribution of the CP-odd nuclear force is important in the study
of the EDM of light nuclei. The θ-term contributes dominantly to the isoscalar CP-
odd pion-nucleon interaction, and this contribution can be accurately evaluated in
the chiral approach. The most recent prediction based on flavor SU(3) interactions
with SU(3) splittings is giving124
g¯0(θ¯)
2fpi
= (15.5± 2.5)× 10−3θ¯. (33)
For light nuclei, the effect of isovector CP-odd pion-nucleon interaction is often more
important. The θ-term, although being isoscalar, also generates sizable isovector
coupling g¯1. The next-to-leading order analysis in chiral SU(3) EFT is giving
124
g¯0(θ¯)
g¯1(θ¯)
∼ 5. (34)
The other hadron level CP violation such as the three-pion interaction or the contact
CP-odd nucleon-nucleon interaction, generated by the θ-term, has negligible effects.
In Table 5, we show the uncertainty of the EDM of several light nuclei when the
θ-term respects the experimental upper limit by the neutron EDM (29). We see
that the nuclear EDM is typically of the same order as that of the neutron EDM.
May 1, 2017 0:36 WSPC/INSTRUCTION FILE yamanaka˙review
Review of the EDM of light nuclei 21
Table 5. Nuclear EDM in SM for several nuclei. The uncertainty of the nuclear EDMs
due to the θ-term respecting the constraint from the neutron EDM experimental data19
and the CKM contribution are shown. The uncertainty of the nuclear EDM due to the
θ-term is given in absolute values.
Uncertainty due to θ-term CKM prediction Experimental prospect
n 2.9× 10−26e cm (1− 6)× 10−32e cm ∼ 10−28e cm
p 2× 10−26e cm (1− 6)× 10−32e cm ∼ 10−29e cm
2H 1× 10−26e cm 3× 10−31e cm ∼ 10−29e cm
3He 5× 10−26e cm 3× 10−31e cm ∼ 10−28e cm
3H 3× 10−26e cm 0.7× 10−31e cm ∼ 10−28e cm
6Li 1× 10−26e cm 4× 10−31e cm −
9Be 1× 10−26e cm 2× 10−31e cm −
13C 0.3× 10−26e cm −0.3× 10−31e cm −
7. Nuclear EDM from the CP violation of the
Cabibbo-Kobayashi-Maskawa matrix
The EDM is attracting interest in part due to the small CKM contribution, which
allows us to get rid of it in the background analysis. Here we are considering the
case where the θ-term is not relevant, for instance when it is removed by the
axion mechanism. In the case of the nuclear EDM, simple estimation of CKM
effect gives dA ∼ O(
αs
4piG
2
F JΛ
3
QCD) ∼ 10
−32e cm, with the Jarlskog invariant
J = (3.06+0.21−0.20)× 10
−5,6, 125 while earlier calculations are predicting nuclear EDMs
in the range O(10−30−10−33)e cm.126–130 At the quark level, there are several short
distance processes which induce the CP violation due to the CKM phase, such as
the θ-term,131–133 the quark chromo-EDM,134 the Weinberg operator,135 etc. Those
effects are however known to be small. Here we discuss the nuclear EDM induced
by the CKM CP phase, which may be enhanced by the nuclear many-body effect.
Here we present current results of the calculations of the nuclear EDM induced
by the CKM phase through the long distance process.136 The leading CKM CP vio-
lation is generated by the tree level |∆S| = 1 four-quark interaction (with the prod-
uct of CKM matrix elements V ∗usVud) and by the penguin diagram (with V
∗
tsVtd).
41
The combination of those elements forms the Jarlskog invariant (see Fig. 7). Those
quark level processes are each matched with different hadron level CP violating
interactions. The tree level |∆S| = 1 interaction is matched with the hyperon-
nucleon interaction, often using the quark model. The penguin diagram contribution
is matched with the |∆S| = 1 P-odd meson-baryon interaction. Here the factoriza-
tion model with the vacuum saturation approximation is often used. It is important
to note that the penguin contribution is enhanced by an order of magnitude through
the renormalization group equation when its Wilson coefficient is evolved from the
electroweak scale to the hadronic scale.136–138
After obtaining the hyperon-nucleon transition and the |∆S| = 1 P-odd meson-
baryon interactions, we can combine them to calculate the nucleon level CP vio-
lation. The CP phase of the CKM matrix becomes relevant at the hadron level.
The leading nucleon level CP violation is given by the nucleon EDM [see Fig. 8 (a)]
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Fig. 7. Leading CKM contributions to the quark level CP violation. (a) Tree level diagram. (b)
Penguin diagram.
and the CP-odd nuclear force [see Fig. 8 (b)]. Here we must note that hyperons
and kaons have to be explicitly treated as dynamical degrees of freedom to evaluate
the long distance effect (we have to enlarge the cutoff). In Table 5, we show the
estimated values of the EDMs of light nuclei generated by the CKM CP phase.
In these calculations, the polarization effect due to the exchange of π, K, and η
mesons was considered.136 For the deuteron, an additional dynamical effect due to
the NN −ΛN −ΣN channel coupling was also considered, and a deviation of 10%
was found.139
N N
γ
(a)
N
N N
N
(b)
Fig. 8. Leading CKM contributions to the nucleon level CP violation. The inner solid lines are
either a nucleon or a hyperon (Λ or Σ). The dashed lines denote mesons (pi, K or η). (a) Pion
loop contribution to the nucleon EDM. (b) Pion exchange CP-odd nuclear force. The grey blob
denotes the |∆S| = 1 interaction induced by the penguin diagram. The crosses denote the possible
insertions of |∆S| = 1 interactions generated by the tree level diagram.
The EDM of light nuclei induced by the CKM CP violation are in the general
case below the prospective sensitivity of the prepared measurement using storage
rings [dA ∼ O(10−29)e cm]. In this sense, we can safely neglect CKM backgrounds in
the search for new physics BSM using nuclear EDMs. The evaluation of the nuclear
EDM involves however large systematics which are difficult to control. The largest
theoretical uncertainty comes from the QCD calculation of the weak |∆S| = 1
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meson-baryon couplings. From the large Nc analysis, this error is estimated to be
O(100%). The accuracy of the contribution of the |∆S| = 1 four-quark interac-
tions to the |∆S| = 1 interbaryon potential is expected to be improved through
the phenomenological and EFT analyses of the nonleptonic weak decays of hyper-
ons130, 140–143 and hypernuclei.144–150
The nucleon EDM contribution to the nuclear EDM is also an important source
of uncertainty. The long distance effect of the nucleon EDM from the CKM CP
phase was estimated to be O(10−32)e cm in many previous works,151–154 an order
of magnitude smaller than the EDM of light nuclei (see Table 5). The contribution
of the nucleon EDM is not enhanced inside the nucleus, due to the spin quenching
factor smaller than one (see Section 3). The uncertainty is however enlarged due to
unknown relative sign with the nuclear EDM.154
We should note that the tree level CKM contribution with higher dimension op-
erators was also evaluated, yielding a nucleon EDM of dn ∼ O(10−31)e cm.155 There
the baryon matrix elements were estimated using the naive dimensional analysis,
with a suppression factor of 13 due to the strange quark. However, from recent lat-
tice QCD analyses of nucleon matrix elements such as the nucleon strange content
or the axial charge, it is known that the strange quark effect is smaller by one or
two orders of magnitude.156–168 This result for the nucleon EDM should therefore
be recognized as the upper limit of the theoretical uncertainty.
8. Prospects for the search of new physics beyond standard model
8.1. Prospects for several candidate models
(a) (b) (c) (d)
Fig. 9. Diagrammatic representation of several known important elementary level CP violating
processes contributing to the nuclear EDM. The dashed lines denote the boson of new physics
BSM. (a) One-loop level quark chromo-EDM, (b) Barr-Zee type two-loop level diagram, (c) CP-
odd four-quark interaction, (d) Weinberg operator.
Let us now see the prospects for the discovery of new physics BSM. After the
integration of new particles, the CP violation BSM generates several dimension-six
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operators. The leading CP violatiing lagrangian is given by
LCPV = −
∑
q
dq
i
2
q¯σµνF
µνγ5q −
∑
q
dcq
i
2
q¯σµνG
µν
a γ5taq
+
1
6
wfabcǫαβγδGaµαG
b
βγG
µ,c
δ +
∑
q,q′
∑
k
Cqq′,kDαβγδ,kq¯αiγ5Γkqβ q¯
′
γΓkq
′
δ,
(35)
where Γ = 1ˆ or σµν and Dαβγδ = δαβδγδ or δαδδγβ.
We first discuss the case of supersymmetric models.12, 169 In supersymmetric
models, the fermion EDM [the first term of Eq. (35)] and the chromo-EDM [the
second term of Eq. (35)] receive contribution from the one-loop level170 [see Fig.
9 (a)]. By assuming that the quark chromo-EDM contributes to the leading order,
the sensitivity of the EDM of light nuclei of O(10−29)e cm can probe θµ and θA,
the CP phase of the µ term and that of the trilinear supersymmetry breaking
coupling, respectively, at the level of O(10−2) in supersymmetric models with the
supersymmetry breaking scale MSUSY ∼ TeV.12 Here we have assumed the axion
mechanism116 is active and tanβ = O(1). Even if the phases θµ and θA are flavor
independent, the current quark mass splitting generates both isoscalar and isovector
contributions to the chromo-EDM, and consequently the isoscalar and isovector CP-
odd pion-nucleon interactions g¯0 and g¯1. Therefore, light nuclei which have high
isovector sensitivity can probe the supersymmetric CP phases. The sensitivity to θµ
is increased with large tanβ.12, 171 This prospective sensitivity may unveil the high
scale supersymmetry breaking scenario, which is beyond the sensitivity of Large
Hadron Collider (LHC) experiment.
We now model the effect of CP violation BSM by the CP-odd four-quark inter-
action [the fourth term of Eq. (35), see Fig. 9 (c)] with the exchange of a new boson
with mass MNP and with O(1) CP phase for the interactions among bosons and
light quarks. A typical isovector CP-odd pion-nucleon interaction with the coupling
g¯1 ∼ g2NP
Λ2QCD
M2NP
is therefore generated in the factorization approach with vacuum
saturation approximation. In this case g¯1 is not suppressed by the light quark mass.
This contribution is important when the boson is exchanged between two light
quarks. Here the QCD scale parameter is ΛQCD ∼ 200 MeV, and gNP is the coupling
between quarks and new particles. Another important possibility is the generation
of the three-pion interaction, which also contributes to g¯1 and can be probed at the
same level. If the EDM of light nuclei can be measured at the level of O(10−29)e
cm, we can probe the new physics of the energy scale MNP ∼ PeV, with a typical
coupling gNP = O(0.1). This estimation works for models which generate CP-odd
4-quark interactions, such as the Left-right symmetric model172–174 or the sfermion
exchange processes in R-parity violating supersymmetry.16, 175 We have to note that
g2NP may be suppressed by factors of light quark mass (mu,d/ΛQCD ∼ 10
−2) when
the model considered involves a Yukawa like coupling. In this case, the constraint
on the scale of new physics will be attenuated, inversely proportional to g2NP .
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Another important class of models is that inducing the Barr-Zee type diagrams
[see Fig. 9 (b)]. This contribution is generated by the exchange of some scalar
boson between a light quark and a heavy particle, and it is complementary to the
CP-odd four-quark interaction. The combined analysis of the CP-odd four-quark
interaction and the Barr-Zee type process is therefore important in the analysis of
flavor physics. Typical models contributing to the Barr-Zee type diagram are the
Higgs doublet models,176–178 generic supersymmetric models,171, 179–182 and those
with R-parity violation.183–185 The Barr-Zee type diagram with the gluon exchange
gives the most important effect to the nuclear EDM. Using the simple formula
dcq ∼
mQαsYqYQ
16pi3m2
NP
ln
m2Q
m2
NP
, the sensitivity of the nuclear EDM of O(10−29)e cm can
probe the energy scale of the new physics of MNP ∼
√
YQ TeV. Here mQ is the
mass of the inner loop particle Q, and YQ is the coupling between the exchanged
scalar boson and Q. We have assumed that the light quark Yukawa coupling is
Yq ∼ 10−5. The Barr-Zee type diagram is suppressed by the Yukawa coupling Yq
which reflects the light quark mass.
In some models of new physics BSM, only the quark EDM is relevant. This
is the case of split supersymmetry,186–189 R-parity violation involving light quarks
and heavy leptons,16, 185 or models generating Barr-Zee type diagrams with charged
Higgs, W or Z bosons.190 Here we do not have to consider other CP-odd operators
than the quark EDM, since it does not mix with the others in the leading order
renormalization group evolution.191–195 For those models, the only relevant hadron
level CP violating process is the nucleon EDM, for which the quark EDM domi-
nantly contributes. The quark EDM effect to the nucleon EDM is suppressed by
the nucleon tensor charge due to the dynamical effect of QCD.196–203 Recent lattice
QCD data are giving dn ≈ 0.8dd − 0.2du.168, 204–211 We must also note that the
Wilson coefficient of the quark EDM operator is suppressed in the change of scale
by the renormalization group evolution191–195 (typically, about 80% when we run
from µ = 1 TeV to µ = 1 GeV). Moreover, the intrinsic nucleon EDM contribution
to the nuclear EDM is smaller than one, due to the spin quenching of the nuclear
spin matrix element (see Section 3). This last property is indicating that the nuclear
EDM is not an optimal probe of models BSM which only induce the quark EDM.
We finally have models contributing to the Weinberg operator [the third term
of Eq. (35), see Fig. 9 (d)]. This effect was first discussed for the case of the
Higgs doublet model.212 A recent important issue is the CP violation of models
with vectorlike quarks and bosons.213 From the dimensional analysis, the Wein-
berg operator contributes to the nucleon EDM and to the isoscalar contact CP-odd
nucleon-nucleon interaction without suppression by the light quark mass, whereas
the CP-odd pion-nucleon interactions suffer from it. The analysis of the nucleon
EDM within QCD sum rules is estimating the Weinberg operator contribution as
dN ∼ w × 20 e MeV,214 where w is the Weinberg operator coupling. We must note
that the running of the Weinberg operator reduces w by an order of magnitude in
the evolution of the scale from 1 TeV to 1 GeV, while the quark EDM and the
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chromo-EDM with Wilson coefficients of the same order are generated due to the
operator mixing.193–195 If we simply assume w ∼
g2NP
(4pimNP )2
is the typical coupling,
the sensitivity of the nuclear EDM of O(10−29)e cm can probe a model candidate of
new physics with mNP ∼ O(100) GeV, with a typical coupling gNP = O(0.1). We
must note that the Weinberg operator dominantly contributes to the nucleon EDM,
so the EDM of light nuclei, being sensitive to the isovector CP-odd pion-nucleon
interaction, is not the most appropriate in probing it.
8.2. The role of the nuclear many-body effect in disentangling new
physics beyond standard model
By summarizing the sensitivity of the nuclear EDM on CP violating hadron level
parameters, we see that the contribution from the nucleon EDM becomes smaller
than that of the isovector CP-odd pion-nucleon coupling as the nucleon number
grows. As we have seen, the intrinsic nucleon EDM effect cannot be enhanced due
to the pairing of nucleons, and it rather has tendency to decrease due to the mixing of
angular momentum configuration. The CP-odd processes which can only be probed
by the nucleon EDM, such as the quark EDM, therefore become subdominant.
The isoscalar CP-odd nuclear force also has less effects on the nuclear EDM than
the isovector one for light and stable nuclei. For nuclei with the same proton and
neutron numbers the contribution from the isoscalar CP-odd nuclear force becomes
suppressed in the nuclear polarization.44 For asymmetric p-shell nuclei, there is
also a suppression due to folding of the CP-odd NN interaction. The complete
cancellation of the isoscalar CP-odd nuclear force by the folding may be violated
by the dynamical configuration mixing of nucleons, but this effect should be small,
since the cluster model describes well the energy spectrum of light nuclei. The largest
part of the sensitivity to g¯0 is often brought by the pion cloud effect of the valence
nucleon, which is not large. The isoscalar component of the new physics contributing
to the θ-term (see Section 6) and to the quark chromo-EDM70, 215 suffers from this
suppression. For heavy nuclei, the isoscalar CP-odd interaction has sizable effect,
because the number of neutrons is well larger than the proton one, and also because
the configuration mixing of valence nucleons is important.80
The large sensitivity of the nuclear EDM on the isovector pion-nucleon coupling
makes light nuclei to be good probes of new physics contributing to the isovector
processes. Up to mass dimension-6 operators, those are the isovector component of
the quark chromo-EDM and the isovector CP-odd four-quark interaction relevant in
Left-right symmetric models.52, 195 It is useful to note that those two CP violating
interactions do not mix with each other in the renormalization group evolution.195
This property is very remarkable because those contributions can be analyzed on a
priority basis, without caring destructive interference with other CP-odd sources.
This also means that the accurate hadron level calculation of g¯1 from either the
quark chromo-EDM or the CP-odd four-quark interaction is not required as long
as we are intending to discover the existence of CP violation BSM without going
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into investigations of the coupling constants beyond the second digit. This way of
analyzing should work in a natural scenario where CP violating couplings are not
fine-tuned.
Another very important role of measuring the EDMs of several nuclei is to fix
the CP violating hadron level CP violating coupling constants using the linear in-
dependence of the EDMs on them. This analysis works for scenario with fine-tuned
coupling constants. To fix unknown variables, we need the same number of equa-
tions, so to determine the seven unknown couplings of the leading CP violating
chiral lagrangian (4), we need at least seven measurements of nucleon and nuclear
EDMs. In this procedure, the individual data of the proton and neutron EDMs as
well as those of atomic EDMs,11, 69 which are more sensitive on g¯0, can also be
used. The experimental measurement of T-odd neutron-nucleus scattering216–218
may also provide very useful informations on g¯0, since this process does not de-
pend on the intrinsic nucleon EDM. Several investigations trying to constrain the
multidimensional parameter space of the new physics with the experimental data
of the EDMs of various systems (neutron, atoms, and molecules) exist in the liter-
ature.16, 219–223 Adding the experimental results of the nuclear EDM measurement
will additionally constrain the degrees of freedom of the parameter space of new
physics. The dependence of the atomic and nuclear systems on the hadronic CP
violation is complementary, since interesting atoms are generally heavy, and have
sizable isoscalar sensitivity, whereas light nuclei are good in probing isovector CP-
odd interactions. We have to note that this multidimensional analysis requires the
hadronic CP violation to be accurately quantified. In the study of atomic systems,
the nuclear level evaluations become also problematic, in addition to the hadron
level difficulty already relevant in the study of the nuclear EDM. To fix the ele-
mentary level parameters within reasonable accuracy, further improvements of the
QCD and nuclear level calculations of the CP violating effects are required.
Finally, the determination of the Weinberg operator has a critical difficulty. We
have seen previously seen that the Weinberg operator mixes with the quark EDM
and chromo-EDM when the operator run from the TeV scale to the hadronic scale.
Those three CP-odd operators are known to comparably contribute to the nucleon
EDM, and this fact requires tremendous efforts in the QCD calculation. The nuclear
EDM is providing an alternative approach in the determination of the Weinberg
operator, together with its own difficulty. The Weinberg operator can be probed
through the isoscalar contact CP-odd nucleon-nucleon interaction, but the calcula-
tion of this process suffers from a large uncertainty in the nuclear level calculation,
due to the lack of informations of the nuclear force at short distance. This problem
may be resolved if the short range behavior of the CP-even nuclear force is de-
termined in high energy experiments,224, 225 or by lattice QCD calculations.226, 227
There are also no available results for the QCD calculation of the Weinberg op-
erator contribution to the contact CP-odd nucleon-nucleon interaction. Moreover,
the contribution of the quark chromo-EDM appearing from the mixing due to the
renormalization group evolution also has to be quantified. Those issues can only be
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resolved using lattice QCD, if we wish to determine it beyond the order estimation.
8.3. Nuclear level enhancement of CP violation
Let us also see the prospects for finding nuclei sensitive on the nucleon level CP vio-
lation. In Section 5.3, we have seen that the bad transition between the ground state
and low lying opposite parity states with the same angular momentum suppresses
the polarization contribution to the nuclear EDM. Light nuclei with a dominantly
shell-like structure have this tendency. We therefore have to find nuclei with a well
developed cluster structure. Restricting to stable nuclei, good candidates are 7Li
and 19F.
The 7Li is known to have a α−3H cluster structure. The α−3H threshold is just
2.5 MeV above the ground state, and the CP-odd transition to the continuum is
expected to be large, as the α core does not change its structure. The 7Li nucleus
is manageable in the four-body cluster model (α− p− p− n), and it is thus a good
target of future work. Although being unstable, 7Be, the mirror nucleus of 7Li, may
also be a good candidate since it has a life time of 53 days, which is experimentally
manageable. In this case, the Coulomb force decreases the energy needed to reach
the α−3He threshold from the ground state to 1.6 MeV, so that parity violation is
enhanced, and the EDM may be increased.
The 19F nucleus is also a good candidate, as it can be described by the mixing
of 15N−α and 16O−3H cluster states. The remarkable point is that its first opposite
parity excited state (12
−
) is just 109 keV above the ground state (12
+
), so that a
sizable enhancement of the nuclear polarization by the isovector CP-odd nuclear
force is expected. This nucleus can be calculated in the two-body cluster model
with coupled channel OCM.228, 229
9. Summary
In this review, we have summarized the current status of the theoretical development
of the EDM of light nuclei. The EDM of 2H, 3He, 3H, 6Li, 9Be, and 13C nuclei have
so far been evaluated. The study of the nuclear polarization of those nuclei by
CP-odd effects is showing that the cluster structure may enhance the sensitivity on
nucleon level CP violation, as for the case of 6Li. Moreover, this extensive analysis is
also suggesting the existence of nuclei furthermore sensitive on CP violation, such
as 7Li, 7Be or 19F, and their theoretical investigations are strongly wanted. The
study of those nuclei will be an important target of our future work.
The EDM of light nuclei have dependences on various parameters of new physics
BSM. Among them, the most important nucleon level CP violation for light nuclei
is the isovector CP-odd nuclear force. However, as the determination of the new
physics BSM is not achievable by only measuring the EDM of one very sensitive
system, the combination of several experimental data of different observables is
mandatory in constraining the large parameter space of new physics. To discern
the CP violation BSM, the combined analysis with the experimental search of the
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single nucleon EDM, the atomic EDM, and T-odd neutron-nucleus scattering may
be efficient, as these observables are sensitive to the isoscalar CP-odd pion-nucleon
interaction.
The search for CP violation is not restricted to the analysis of the EDM. Re-
cently there are also efforts in constraining the TeV scale CP violation through the
combined analysis with the experimental data of the LHC experiments,230, 231 or
with the simulation of the baryogenesis which occurred in the early universe.232–234
The combination of the EDM search with other approaches is also important in the
determination of the origin of matter of our Universe.
The experimental measurements of the EDM of the proton and light nuclei are
prepared at FermiLab and at Ju¨lich, with a prospective experimental sensitivity of
dA ∼ O(10−29)e cm. The theoretical uncertainty due to the QCD calculation of low
energy constants is still large, and further investigations are needed to fix at least the
first digit, to be confident in observing signals BSM. The prospective experimental
sensitivity has the potential to unveil typical models of new physics BSM between
the energy scale of TeV to PeV. By experimentally observing the EDM of the
deuteron or three-nucleon systems, significant advance in the understanding of new
physics is expected. We also recommend the development of the experimental and
theoretical studies of the EDM of other heavier light nuclei.
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